Pyrin domain (PYD) proteins have recently emerged as important signaling molecules involved in the development of innate immunity against intracellular pathogens through activation of inflammatory mediator pathways. ASC is the central adaptor protein, which links pathogen recognition by PYD-containing pathogen recognition receptors, known as PYD-Nod-like receptors (NLR), PAN, PYPAF, NALP, Nod, and Caterpiller proteins, to the activation of downstream effectors, including activation of caspase-1 and NF-B. Activation of these effectors occurs when specific protein complexes, known as inflammasomes, are formed. PYD signal transduction leads to inflammasome assembly and activation of specific effector proteins. It is modulated by a cellular PYD-only protein (cPOP1), which binds to ASC and interferes with the recruitment of ASC to activated PYD-NLRs. Here we describe the identification and characterization of a second cellular POP (cPOP2), which shows highest homology to the PYD of PAN1. cPOP2 binds to ASC and PAN1, thereby blocking formation of cryopyrin and PAN1-containing inflammasomes, activation of caspase-1, and subsequent processing and secretion of bioactive interleukin-1␤. Existence of a second cPOP provides additional insights into inflammasome formation and suggests that POPs might be a common regulatory mechanism to "fine-tune" the activity of specific PYD-NLR family protein-containing inflammasomes. . Here we report the identification and characterization of a second cellular POP, cPOP2, which impairs PYD-mediated activation of pro-caspase-1 and subsequent processing of pro-IL-1␤.
Pyrin domain (PYD) proteins are important signaling molecules involved in host defense against pathogens through activation of inflammatory mediator pathways. Humans have at least 23 proteins containing a PYD (12, 31, 33, 34) . Pathogens are recognized by the leucine-rich region (LRR) of PYDcontaining pathogen recognition receptors, known as PYD-Nod-like receptors (NLR), pyrin-and NACHT domain-containing proteins (PAN), pyrin domain-containing Apaf1-like proteins (PYPAF), NACHT-LRR-and pyrin domain-containing proteins (NALP), nucleotide-binding oligomerization domain-containing proteins (Nod), and Caterpiller proteins. Activation of these proteins is hypothesized to be achieved through displacement of the intramolecular interaction of the LRR with the NACHT (NAIP, CIITA, HET-E, and TP1) domain. Activated PYD-NLR family proteins recruit and oligomerize the PYD-containing adaptor protein ASC (apoptosis-associated speck-like protein containing a caspace recruitment domain; TMS1) (5, 24) into cytoplasmic structures, referred to as the inflammasomes, where downstream effector activation occurs (22) . Caspase-1-mediated processing of prointerleukin (IL)-1␤ and activation of the transcription factor NF-B have been described as effectors of PYD-mediated signal transduction, and enforced oligomerization of ASC is sufficient for their activation.
Hereditary mutations in PYD family proteins can cause dysregulated recruitment of ASC, which leads to autoinflammatory disorders, such as periodic fever syndromes. Specifically, mutations in pyrin (marenostrin) account for familial Mediterranean fever, whereas mutations in the PYD-NLR family member cryopyrin (CIAS1, PYPAF1, NALP3, CLR1.1) have been linked to familial cold autoinflammatory syndrome, Muckle-Wells syndrome, and chronic infantile neurological cutaneous and articular syndrome (3) .
The PYD belongs to the death domain fold (DDF) domain family, which also includes the caspase recruitment domain (CARD), the death domain (DD), and the death effector domain (DED). CARD and DED interactions are also regulated by CARD-only proteins (COPs) and DED-only proteins, respectively. These small proteins are composed of a single CARD or one or two DED domains and include the CARDonly proteins COP (Pseudo-ICE), ICEBERG and INCA (9, 11, 17, 18) , or the DED-only proteins PED (PEA-15), FLIP-s, and viral FLIP (4, 16) . In general, DDF-only proteins can function as dominant-negative inhibitors for particular signaling pathways by competing for critical binding partners, thereby interrupting signal transmission to downstream effector proteins. Inflammasome formation, upon pathogen infection, is regulated by cellular and viral pyrin-only proteins (vPOPs), which interfere with the PYD-PYD interaction between ASC and PYD-NLR family proteins, thereby impairing host defense by blocking downstream effectors (13, 29; A.
Direct yeast two-hybrid interaction. The EGY48 strain of Saccharomyces cerevisiae (MAT trp1 ura3 his leu2::plexApo6-leu2) was maintained in yeast extract-peptone-dextrose medium. cPOP2 and the PYD of several NLR family proteins, pyrin, and ASC were cloned into pJG4-5 and pGilda yeast expression vectors under the GAL1 promoter. Plasmids were cotransformed by the LiCl method with pSH1834, which contains eight repeats of a LexA promoter to drive expression of the ␤-galactosidase reporter gene, in EGY48. Transformed yeast cells were plated onto leucine-deficient Burkholder's minimal medium containing 2% galactose and 1% raffinose and supplemented with appropriate amino acids, and the interaction of the proteins was scored by leucine complementation-dependent growth. Colonies were then replicated onto Burkholder's minimal medium plates containing leucine and 2% glucose, and ␤-galactosidase filter assays were performed and scored according to the time required to yield a blue color.
Confocal microscopy analysis. HEK293T cells were seeded onto collagen type I-coated coverslips in six-well dishes and transiently transfected the following day with pcDNA3 expression plasmids for myc-tagged cPOP2, myc-tagged cPOP1, Flag-tagged ASC, and HA-tagged PAN1 as indicated, using the calcium phosphate precipitation method. At 36 h posttransfection, cells were fixed in 3.7% formaldehyde; permeabilized with 0.5% saponin (Sigma); blocked with 0.5% saponin, 1.5% BSA, and 1.5% normal goat serum (Zymed); and immunostained with rabbit polyclonal anti-myc antibodies (1:500; Santa Cruz Biotech), mouse monoclonal anti-Flag M2 antibodies (1:3,500, Sigma), rat polyclonal anti-HA antibodies (1:2,500; Roche Applied Science), and secondary Alexa Fluor 488 and 546 conjugated antibodies (1:200; Molecular Probes) in phosphate-buffered saline supplemented with 0.5% saponin, 1.5% BSA, and 1.5% normal goat serum (Zymed). Nuclei were visualized by incubation with ToPro-3 (Molecular Probes), and the actin cytoskeleton was stained with Alexa Fluor 488-or 546-conjugated phalloidin. After three washes with PBS, supplemented with 0.5% saponin, samples were mounted with Vectashield (Vectorlabs), and images were acquired by confocal laser-scanning microscopy (Zeiss LSM510).
IL-1␤ secretion assay. HEK293N cells were transiently transfected with pcDNA3 expression plasmids for mouse pro-IL-1␤, myc-tagged pro-caspase-1, HA-tagged ASC, myc-tagged cryopyrin, untagged PAN1, and Flag-tagged cPOP2 in 24-well plates using the Polyfect transfection reagent (QIAGEN). At 24 h posttransfection, the culture medium was replenished with 0.5 ml of fresh culture medium. At 36 h posttransfection, IL-1␤ secreted into the culture supernatants was measured by enzyme-linked immunosorbent assay (ELISA) using a commercial kit (BD Biosciences-Pharmingen) and a Genios multimode plate reader (Tecan). Assays were performed in triplicate, and data were normalized for cell number, as determined by crystal violet assay.
RESULTS

Identification of a second cellular PYD-only protein.
We recently characterized human POP1, which is highly similar to the PYD of ASC, and showed that it interferes with the PYD-PYD interaction between ASC and cryopyrin to block activation of NF-B (29) . POP1 represents the first endogenous regulator of the PYD signal transduction pathway. More recently, we and others identified poxviral POP homologues that impair host defense by preventing inflammasome formation, which prompted us to suggest renaming POP1 to cPOP1 (7a, 13) . Poxviruses are large double-stranded DNA viruses, which encode virulence factors that enable them to evade the host immune responses upon infection, and are known to frequently hijack proteins from the host (25, 27) .
We mined the human genome for additional cellular POPs. Since cPOP1 is most homologous to the PYD of ASC (29), we applied the PYD of other PYD-containing proteins for the database mining. Using the PYD of PAN1 (PYPAF2, NALP2, NBS1, CLR19.9) (a PYD-NLR protein), we identified a potential PYD-containing open reading frame, carried on a single exon on chromosome 3q28, which recently was also predicted by NCBI using GNOMON (accession no. XR_001234). The deduced amino acid sequence revealed a potential POP, similar to cPOP1 and several poxviral POPs, which all bind to ASC VOL. 75, 2007 INFLAMMASOME REGULATION BY cPOP2 1485 by PYD-PYD interaction (Fig. 1A ). This protein, which we named cPOP2, shows 68% sequence similarity (61% sequence identity) to the PYD of PAN1 ( Fig. 1B) . High sequence similarity of cPOP2 to the PYD of PAN7 (PYPAF3, NALP7, NOD12, CLR19.4) and ASC (Fig. 1C ) is also detectable. Sev-eral conserved amino acid residue patches are present in all known POPs (Fig. 1D ). cPOP2 is expressed in human cells. Because we predicted cPOP2 from the human genome, we investigated whether cPOP2 is actually expressed in human cells. Due to the lack of a specific antibody, we performed RT-PCR analysis using cPOP2-specific primers and RNA isolated from various human cell lines. The presence of a cPOP2-specific transcript of 294 bp in several cell lines confirmed that cPOP2 is indeed transcribed and that it encodes a predicted protein of approximately 11 kDa ( Fig. 2 ). Since cPOP2 is encoded on a single exon, we ensured that all potential genomic DNA contamination of the isolated RNA was removed by treatment of the RNA with DNase I, prior to cDNA synthesis. We also performed a negative-control cDNA synthesis reaction from THP-1 RNA in the absence of the RT, which did not yield a cPOP2-specific PCR product, verifying that no genomic DNA contamination had occurred. We performed a PCR using as a template a plasmid-encoding cPOP1 for a negative control and a plasmid-encoding cPOP2 for a positive control. Because cPOP2-specific transcripts were not found in all cell lines tested, we also verified the quality of the cDNA template by performing the PCR using ␤-actin-specific primers, which amplified a 533-bp product. PCR products were excised from agarose gels and confirmed by DNA sequencing to correspond to cPOP2. cPOP2 interacts with ASC and PAN1. cPOP1 and vPOPs regulate the activation of PYD-dependent immune effectors by PYD-PYD interaction with the central adaptor protein ASC. cPOP2 further shows highest sequence similarity to the PYD of PAN1, a PYD-NLR protein. The ability of cPOP2 to bind to ASC and PAN1 was therefore investigated by an in vitro glutathione S-transferase pull-down assay using ASC and PAN1 as prototypical examples. A recombinant cPOP2 protein was expressed as a GST fusion protein in E. coli BL21 and affinity purified, whereas the PYDs of PAN1 and ASC were generated by in vitro translation. These in vitro interaction studies confirmed that cPOP2 is capable of interacting not only with ASC but also with the PYD of PAN1 (Fig. 3A) . No interaction was detectable between ASC and the PYD of PAN1 with the GST control, demonstrating the specificity of these interactions (Fig. 3A) .
We next investigated whether the interaction between cPOP2 and ASC or PAN1 can also occur in vivo. The HAtagged PYD of ASC (ASC-PYD) was coexpressed with myctagged cPOP2 (or as a control, cPOP1) in HEK293T cells by transient cotransfection. Coimmunoprecipitation experiments of cleared protein lysates with anti-myc Sepharose demonstrated the presence of HA-tagged ASC-PYD in immune complexes containing myc-tagged cPOP1 or cPOP2 but not in control immune complexes. These findings indicated that cPOP2 can form complexes with ASC in vivo, reminiscent of cPOP1 ( Fig. 3B ). To test the interaction between cPOP2 and PAN1, we first coexpressed the myc-tagged PYD of PAN1 (PAN1-PYD) and Flag-tagged cPOP2 into HEK293T cells. Coimmunoprecipitation experiments of cleared protein lysates with anti-Flag Sepharose demonstrated the presence of myctagged PAN1-PYD in immune complexes containing Flagtagged cPOP2 but not in control immune complexes ( Fig. 3C) . Similarly, coexpression of untagged full-length PAN1 with myc-tagged cPOP2 in HEK293T cells followed by coimmunoprecipitation of cleared protein lysates further confirmed specific binding of cPOP2 to PAN1 (Fig. 3D ). To test the interaction of cPOP2 and PAN1 also under endogenous conditions, we transiently transfected large and small amounts of myctagged cPOP2 into Jurkat cells, because no antibody specific for cPOP2 is currently available and Jurkat cells express PAN1 (2) . Coimmunoprecipitation of myc-containing immune complexes from cleared protein lysates demonstrated the presence of endogenous PAN1 in a dose-dependent manner (Fig. 3E) . These experiments demonstrated that cPOP2 is capable of binding to ASC and PAN1 and that the binding is mediated by PYD-PYD interaction.
POPs can impair PYD-mediated signal transduction by binding to the PYD of ASC but may also block the PYD of PYD-NLR family proteins, such as PAN1, to prevent recruitment of ASC by PYD-PYD interaction. To investigate this possibility, we performed direct yeast two-hybrid interactions between cPOP2 and several PYD-NLR family proteins. cPOP2 was fused to the DNA-binding domain of LexA, whereas the PYDs of PYD-NLR family proteins were fused to the activation domain of B42, because we expect that the interaction will occur between the PYDs of PYD-NLRs and cPOP2, as shown for ASC and PAN1 (Fig. 3F ). Results were confirmed by performing a reciprocal experiment. This screen identified several PYD-NLR family proteins as potential binding partners of cPOP2. cPOP2 displays highest sequence similarity to the PYD of PAN1 (Fig. 1B) , which consistently conferred the strongest growth of yeast on selective plates and yielded the highest ␤-galactosidase activity. Also, the PYDs of PAN2 (PYPAF4, NALP4, CLR19.5), PAN6 (PYPAF7, NALP12, Monarch-1, CLR19.3), NALP1 (NAC, CARD7, DEFCAP, CLR17.1), and ASC, which all show significant similarities to cPOP2, were identified as potential cPOP2-interacting proteins. The PYDs of pyrin, cryopyrin (CIAS1, PYPAF1, NALP3, CLR1.1), PAN5 (NALP10, PYNOD, NOD8, CLR11.1), and PAN10 (PYPAF6, NALP11, NOD17, CLR19.6) did not interact with cPOP2 under these conditions, demonstrating the specificity and selectivity of the identified cPOP2 interactions. In vitro binding between cPOP2, ASC, and PAN1. ASC and the PYD of PAN1 were in vitro translated, labeled with biotin, and subjected to in vitro GST pull-down assays using GST-POP2 and a GST control immobilized on GSH-Sepharose, as indicated. Protein complexes were separated by SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF) membranes, and bound proteins were visualized by immunoblotting with streptavidin-HRP and ECL-Plus (Amersham Pharmacia Biotech) detection. The recombinant GST-cPOP2 and GST proteins are visualized by Coomassie blue staining. The asterisk denotes several degradation products of cPOP2, which did not affect this assay. (B) In vivo binding between cPOP2 and ASC. HEK293T cells were transiently transfected with the HA-tagged PYD of ASC (ASC-PYD), myc-tagged cPOP1, and myc-tagged cPOP2, as indicated. At 36 h posttransfection, clarified and normalized cell lysates were subjected to coimmunoprecipitation, using immobilized anti-myc antibodies (Santa Cruz Biotechnology). Immune complexes were separated by SDS-PAGE, transferred onto PVDF membranes, and probed with anti-HA antibodies directly conjugated to HRP and detected with ECL (Amersham Pharmacia Biotech). Membranes were stripped and reprobed with anti-myc-HRP antibodies. Five percent of the total lysate was also immunoblotted with HA-HRP antibodies to control for ASC-PYD expression. IP, immunoprecipitation; WB, Western blot. (C, D, E) In vivo binding between cPOP2 and PAN1. HEK293T cells were transiently transfected with the myc-tagged PYD of PAN1 (PAN1-PYD) and Flag-tagged cPOP2 (C) or full-length, untagged PAN1 and myc-tagged cPOP2 (D), as indicated. At 36 h posttransfection, clarified and normalized cell lysates were subjected to coimmunoprecipitation, using immobilized anti-Flag antibodies (Sigma) (C) or immobilized anti-myc antibodies (Santa Cruz Biotechnology) (D). Immune complexes were separated by SDS-PAGE, transferred onto PVDF membranes, and probed with anti-myc antibodies directly conjugated to HRP (Santa Cruz Biotechnology) (C) or with anti-PAN1 antibodies (Imgenex) and secondary anti-rabbit antibodies conjugated to HRP (Amersham Pharmacia Biotech) and detected with ECL and ECL-Plus (Amersham Pharmacia Biotech) (D). Membranes were stripped and reprobed with anti-Flag-HRP antibodies (Sigma) (C) or anti-myc HRP antibodies (D). Jurkat cells were transiently transfected with small (ϩ) and large (ϩϩ) amounts of myc-tagged cPOP2, and cleared lysates were coimmunoprecipitated at 36 h posttransfection, using immobilized anti-myc antibodies (Santa Cruz Biotechnology) (E). Immune complexes were separated by SDS-PAGE, transferred onto PVDF membranes and probed with anti-PAN1 antibodies (Imgenex) and secondary anti-rabbit HRP antibodies (Amersham Pharmacia), and detected with ECL-Plus (Amersham Pharmacia Biotech). Membranes were stripped and reprobed with anti-myc-
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cPOP2 colocalizes with PAN1 and the central PYD-containing adaptor protein ASC. cPOP1 and vPOPs show a distinct intracellular localization to punctate structures in the cytoplasm and to the nucleus (7a, 13, 29) . When coexpressed with the central adaptor protein ASC, cPOP1 is recruited into ASC-formed specks. In contrast, this redistribution into specks was not observed with vPOPs, which instead colocalized with ASC in smaller, cytoplasmic vesicular structures (7a, 29) . Because cPOP2 is capable of binding to ASC and PAN1, we used immunofluorescence to investigate whether cPOP2 can also colocalize with ASC or PAN1, upon transient coexpression in HEK293 cells. cPOP2 localized primarily to vesicular cytoplasmic structures and the nuclei of cells (Fig. 4A ). Coexpression with ASC ( Fig. 4C ) resulted in partial colocalization of cPOP2 with ASC to these vesicular structures in the cytoplasm (Fig. 4B) .
ASC forms inflammasomes, which require activation of a specific PYD-NLR family member by pathogen-associated molecular patterns. cPOP2 shows highest similarity to the PYD of PAN1, which is one of the PYD-NLRs that recruits ASC to form a specific inflammasome (1, 2) . Transient expression of PAN1 in HEK293 cells showed a very similar localization to punctate cytoplasmic structures and the nucleus (Fig. 4D ). Coexpression with cPOP2 resulted in efficient colocalization of both proteins to these punctate cytoplasmic structures, but neither of the proteins localized any longer to the nucleus (Fig. 4E ).
ASC can also form characteristic cytoplasmic structures, referred to as specks, which are large, perinuclear aggregates (24) . ASC-interacting proteins, including cPOP1 and vPOPs, are frequently recruited into these structures (7a, 29). cPOP2 was not recruited into ASC-formed specks but was excluded from these structures (Fig. 4F ). Also, PAN1 was not recruited into ASC-formed specks under these conditions (data not shown). In contrast, cPOP1 efficiently colocalized with ASC to these specks (Fig. 4G ).
cPOP2 interferes with PYD-mediated activation of caspase-1. The best-characterized effector protein downstream of the PYD signal transduction pathway is caspase-1. Procaspase-1 is activated upon recruitment to inflammasomes by CARD-CARD interactions mediated by ASC. Interaction of cPOP1 and vPOPs with ASC impairs PYD-mediated activation of downstream effectors by preventing association with upstream PYD-NLR family proteins (7a, 29) . Because cPOP2 associates with inflammasome-associated proteins, we investigated the effect of cPOP2 interaction with ASC or PAN1 on PYD-mediated activation of caspase-1. The PYD signal transduction pathway was reconstituted in HEK293N cells, which are deficient in endogenous components of this pathway. Coexpression of a constitutively active cryopyrin (R260W) (an NLR family member), ASC, pro-caspase-1, and pro-IL-1␤ leads to activation of the PYD-mediated signal transduction pathway, which can be measured by secretion of bioactive IL-1␤. The disease-associated cryopyrin mutant R260W interacts more efficiently with ASC and promotes ASC oligomerization, activation of pro-caspase-1, and subsequently IL-1␤ secretion, even in the absence of a ligand (8) . Coexpression of cPOP2 with ASC and cryopyrin (R260W) impaired ASC-mediated activation of caspase-1 in a dose-dependent manner, as measured by secretion of bioactive IL-1␤, which is processed from pro-IL-1␤ by caspase-1 (Fig. 5A) . As previously reported, coexpression of ASC and PAN1 also induces activation of pro-caspase-1 (1, 2) . Coexpression of cPOP2 with ASC and PAN1 also impaired activation of caspase-1 by the PAN1containing inflammasome in a dose-dependent manner (Fig.  5B) . These results demonstrate a potential role for cPOP2 in modulating activation of caspase-1 by specific inflammasomes.
DISCUSSION
PYD-containing proteins have emerged as important mediators of inflammatory responses during host defense. The PYD signal transduction pathway is triggered by the recognition of specific pathogen-associated molecular patterns by PYD-containing pathogen recognition receptors (PYD-NLR family proteins). Active PYD-NLRs recruit the adaptor protein ASC to form specific inflammasomes, where activation of pro-caspase-1 occurs (1, 22) . To date, 16 human PYD-NLR family members that form inflammasomes, including NALP1, cryopyrin, and PAN1, have been recognized (31) . However, the exact molecular mechanism is currently poorly understood. Specific ligands have thus far been identified only for cryopyrin and NALP1 (1, 14, 15, (21) (22) (23) 32) . Activation of PYD-NLR family proteins results in oligomerization and recruitment of the adaptor protein ASC via PYD-PYD interactions (22) . Subsequently, ASC links pathogen recognition to downstream effector activation, including caspase-1-mediated processing and secretion of IL-1␤, IL-18, and possibly IL-33 (20, 32, 35) . Due to the key role of the proinflammatory cytokine IL-1␤, its generation and receptor binding are regulated at several key areas in mammalian cells, including CARD-only proteins (COPs) and IL-1RA (6, 7) .
Our identification of cPOP2 in the present study is the first indication of an endogenous inhibitor that controls generation of IL-1␤ at the initiating step, directly at the level of inflammasome formation. Many of the PYD-containing proteins are inducibly expressed in response to proinflammatory stimuli, which is consistent with their proinflammatory function. Also, HRP antibodies (Santa Cruz Biotechnology). (F) Direct interaction screen in yeast between cPOP2, ASC, and PYD-NLR family proteins. Yeast two-hybrid assays were performed, scoring for activation of reporter genes encoding leucine (LEU2) and ␤-galactosidase (left panel). Plasmid combinations that resulted in growth on leucine-deficient media within 4 days were scored as positive (right panel). The ␤-galactosidase activity of each colony was also tested by filter assay and scored according to the time required to yield a blue color. cPOP2 was fused to the DNA binding domain of LexA, and the PYD family proteins were fused to the activation domain of B42. The scoring was obtained by considering also the reciprocal experiments, where cPOP2 was fused to the activation domain of B4, and the PYD family proteins were fused to the DNA binding domain of LexA. In all cases, there was good agreement between data obtained by both experiments and also between the leucine and the ␤-galactosidase assays. Note that all plasmids contained only the PYD. Results for PAN2 (PYPAF4, NALP4, CLR19.5), PAN5 (NALP10, PYNOD, NOD8, CLR11.1), PAN6 (PYPAF7, NALP12, Monarch-1, CLR19.3), PAN10 (PYPAF6, NALP11, NOD17, CLR19.6), NAC (CARD7, DEFCAP, NALP1, CLR17.1), and cryopyrin (CIAS1, PYPAF1, NALP3, CLR1.1) are shown.
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INFLAMMASOME REGULATION BY cPOP2 1489 cPOP2 was induced at the mRNA level in THP-1 monocytes in response to lipopolysaccharide (LPS) stimulation, emphasizing its role during inflammation. cPOP2 shows high similarity to several PYD-NLR family proteins and ASC. The highest similarity is found to the PYD of PAN1, and cPOP2 is capable of interacting with PAN1. Unlike cPOP1, which is clustered with other PYD-containing proteins, including pyrin and ASC, on chromosome 16, cPOP2 is located on chromosome 3q28 alone. cPOP2 displays 40% similarity with cPOP1. The observation that cPOP2 also interacts with the PYD of PYD-NLR family proteins provides additional insights into inflammasome formation and provides evidence that POPs interact not only with FIG. 4 . cPOP2 colocalizes with ASC and PAN1. Localization of epitope-tagged proteins was analyzed following transient transfection into HEK293T cells. (A) Myc-tagged cPOP2 was immunostained with a rabbit polyclonal anti-myc antibody and visualized with an Alexa Fluor 546-conjugated anti-rabbit antibody. Actin was visualized with Alexa Fluor 488-conjugated phalloidin, and the nucleus was stained with ToPro-3. Shown from left to right are myc-tagged cPOP2 (red), actin (green), the nucleus (blue), and a merged image. (B) Myc-tagged cPOP2 and Flag-tagged ASC and were immunostained with rabbit polyclonal anti-myc and mouse monoclonal anti-Flag antibodies and visualized with Alexa Fluor 546-and 488-conjugated anti-rabbit and anti-mouse antibodies, respectively. The nucleus was stained with ToPro-3. Shown from left to right are myc-tagged cPOP2 (red), Flag-tagged ASC (green), the nucleus (blue), and a merged image. (C) Flag-tagged ASC was immunostained with a mouse monoclonal anti-Flag antibody and visualized with Alexa Fluor 488-conjugated anti-mouse antibodies. The nucleus was stained with ToPro-3. Shown from left to right are Flag-tagged ASC (green), actin (red), the nucleus (blue), and a merged image. (D) HA-tagged PAN1 was immunostained with a rat polyclonal anti-HA antibody and visualized with Alexa Fluor 488-conjugated anti-rat antibodies. The nucleus was stained with ToPro-3. Shown from left to right are HA-tagged PAN1 (green), actin (red), the nucleus (blue), and a merged image. (E) Myc-tagged cPOP2 and HA-tagged PAN1 were immunostained with rabbit polyclonal anti-myc and rat polyclonal anti-HA antibodies and visualized with Alexa Fluor 546-and 488-conjugated anti-rabbit and anti-rat antibodies, respectively. The nucleus was stained with ToPro-3. Shown from left to right are myc-tagged cPOP2 (red), HA-tagged PAN1 (green), the nucleus (blue), and a merged image. (F) Myc-tagged cPOP2 and Flag-tagged ASC were immunostained as described for panel B, and a representative cell that showed an ASC-formed speck was imaged. Shown from left to right are myc-tagged cPOP2 (red), Flag-tagged ASC (green), the nucleus (blue), and a merged image. (G) Myc-tagged cPOP1 and Flag-tagged ASC were immunostained as described above, and a representative cell that showed an ASC-formed speck was imaged. Shown from left to right are myc-tagged cPOP1 (red), Flag-tagged ASC (green), the nucleus (blue), and a merged image.
the adaptor ASC but also directly with PYD-NLR family proteins to regulate activation of pro-caspase-1.
cPOP2 localizes to cytoplasmic vesicular structures but is also found diffusely throughout the nucleus, similar to cPOP1 (29) . ASC localizes to punctate structures in the cytoplasm, or it forms characteristic cytoplasmic aggregates, referred to as specks, to which ASC-interacting proteins, including cPOP1, are frequently recruited. Some colocalization between cPOP2 and ASC can be observed in these vesicular structures in the cytoplasm, but cPOP2 is not recruited to ASC-containing specks, and specks are rarely formed when cPOP2 is coexpressed with ASC. One explanation might be that cPOP2 impairs the aggregation of ASC with other proteins that are essential for speck formation, such as PYD-NLR family proteins. These differences further suggest a distinct functional mechanism of cPOP1 compared to that of cPOP2. Expression of PAN1 resulted in localization similar to that observed for cPOP2, and both proteins efficiently colocalize when coexpressed. Like cPOP1 and vPOPs, cPOP2 also interacts with ASC, the central adaptor protein of the PYD signal transduction pathway. We identified several PYD-NLR family members as potential binding partners for cPOP2, verified binding to PAN1, and showed by coimmunoprecipitation and GST pull-down experiments that the binding is mediated by PYD-PYD interaction. We also expect that, based on yeast twohybrid assay results, PAN2, PAN6, and NALP1 are capable of binding to cPOP2. Because we did not test all known PYDcontaining proteins, there might be more potential PYD-containing binding partners of cPOP2 ( Table 1) .
Binding of ASC to activated PYD-NLR family proteins results in the formation of inflammasomes, which are required for activation of pro-caspase-1 (1, 22) . Activation of pro-caspase-1 is required for the processing, activation, and subsequent secretion of the proinflammatory cytokines pro-IL-1␤, pro-IL-18, and pro-IL-33 (10, 26) . cPOP2 impaired cryopyrin-and ASCmediated activation of pro-caspase-1, possibly explained by the impaired formation of a cryopyrin-containing inflammasome in the presence of cPOP2. cPOP2 also impaired activation of pro-caspase-1 from a PAN1-containing inflammasome. Assembly of the cryopyrin-containing inflammasome is probably blocked by binding to the PYD of ASC, whereas the PAN1containing inflammasome could be inhibited by simultaneously blocking the PYDs of ASC and PAN1, which would impair the recruitment of ASC to PAN1. The lower secretion of IL-1␤ from PAN1-expressing cells than from cryopyrin (R260W)expressing cells might be due to the higher activity of the R260W-mutated cryopyrin protein, which is found in patients with autoinflammatory disorders, as opposed to the wild-type PAN1 protein (8) . The sequence similarity between cPOP2 and cPOP1 is 40% and is 31 to 36% between cPOP2 and vPOPs. Determination of whether cPOP2 and other POPs function to "fine-tune" inflammasome assembly, prevent formation of specific inflammasomes, or participate in the termi- FIG. 5. cPOP2 inhibits caspase-1-mediated processing of pro-IL-1␤. HEK293N cells were transiently transfected in triplicate with expression constructs for pro-caspase-1, murine pro-IL-1␤, ASC, cPOP2, and cryopyrin (R260W) (A) or PAN1 (B) (small dose, ϩ; medium dose, ϩϩ; and large dose, ϩϩϩ), as indicated. At 36 h posttransfection, secreted IL-1␤ was measured by ELISA (BD Pharmingen) from normalized culture supernatants using a standard curve generated with recombinant IL-1␤. Data are presented as picograms per milliliter of secreted IL-1␤ (mean Ϯ standard deviation; n ϭ 3). Transfected cells were also directly lysed in Laemmli buffer and analyzed by SDS-PAGE immunoblotting for the expression of all constructs, except pro-IL-1␤, which was measured by ELISA.
INFLAMMASOME REGULATION BY cPOP2 1491 nation of caspase-1 activation to prevent systemic inflammation will require further investigation. In summary, our data provide evidence for the existence of a second cellular POP, which binds to the PYD of ASC and PAN1 and potentially to several other PYD-NLR proteins, to impair inflammasome-mediated activation of pro-caspase-1 and subsequent processing and secretion of the proinflammatory cytokine IL-1␤. The existence of two different cellular POPs might provide for more versatile regulation of inflammasome assembly and might allow specific PYD-NLR family proteins to be suppressed and others to be spared.
